Tunneling Field Effect Transistors (TFETs) have the potential to achieve a low operating voltage by overcoming the thermally limited subthreshold swing of 60m V /decade, but results to date have been unsatisfying. Unfortunately, TFETs have only shown steep subthreshold swings at low currents of a nA//!m or lower while we would like a mA//!m.
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To understand this we need to consider the two switching mechanisms in a TFET. The gate voltage can be used to modulate the tunneling barrier thickness and thus the tunneling probability as shown Fig. l(a) . Alternatively, it is possible use energy filtering or density of states (DOS) switching as illustrated in Fig. l(b) . If the conduction and valence band don't overlap, no current can flow. Once they do overlap, current can flow.
An analytic analysis [2] shows that modulating the tunneling barrier thickness will only give a steep subthreshold swing at low current densities. Consequently, we would like to use density of states (DOS) switching. An ideal DOS switch would switch abruptly from zero-conductance to the desired on conductance thus displaying zero subthreshold swing voltage [3] . Unfortunately, the band edges are not perfectly sharp and so there is a fmite density of states extending into the band gap.
Although there are no good direct measurements of the band edge DOS, we can infer it from optical and electronic measurements [4] . In intrinsic GaAs, the absorption at the band edge falls off at 17meV/decade [5] . For electrons, we hope to see a similar limit on the band edge steepness. This may seem promising, but the electrically measured joint DOS in diodes has generally indicated a steepness >90mV /decade [4] . We attribute this broadening to the spatial inhomogeneity and on heavy doping that appears in real devices. Effectively, there are many distinct channel thresholds in a macroscopic device, leading to threshold broadening. We can also see this from the optical absorption in doped GaAs.
When GaAs is heavily doped to 102°/cm3, the absorption falls of at a rate worse than 60meV/decade [6] . This means that if a tunnel switch is heavily doped, it will be unable to employ the DOS energy filtering mechanism to achieve a subthreshold swing voltage smaller than 60 mY/decade! In transistors, the situation is even worse due to gate interface traps. The interface trap density in silicon is typically around 1010 /cm2 while the density of states in a quantum well is only 1012 to 10\3 /cm2• These traps exist in the entire energy range of the band gap. This effectively means there is no band edge for energy filtering. Experimentally this results in a thermally activated tunneling process. The subthreshold swing is directly proportional to temperature.
The tunneling process is illustrated in Fig 2. An electron can tunnel to a trap state, but then it needs to be thermally excited above the mobility edge. When the thermal excitation is the rate limiting step, we observe a subthreshold swing proportional to temperature that can never be better than a MOSFET.
To overcome these challenges we will need better material perfection than ever before. Every defect or dangling bond can create a trap that will ruin the band edge. The defects due to doping can be eliminated by electrostatically inducing carriers as illustrated in Fig 3. Proof of concept devices can be made by making the device a few nanometers large so that there is a low probability of having a trap within the device. 2d materials like MoS 2 are potentially a path towards atomic perfection as there will be no dangling bonds at the semiconductor oxide interface.
After reducing the non-ideal band edge DOS, we can optimizing the ideal DOS above the band edge and take advantage of quantum confinement. It is possible to get a sharp, high conductance on/off transition by exploiting the sharp step in the density of states at band edges [2, 7] . The nature of the density of states and therefore the I-V curve, is strongly dependent on quantum dimensionality. Quantum confinement in the direction of tunneling, or reduced dimensionality on each side of a pn junction can increase the on-state conductance by 10 to 100X as illustrated in In this presentation, I will go through the two TFET switching mechanisms and their limitations. I will review the experimental density of states measurements and then discuss ways to improve the band edges. Finally, I will discuss the impact of the dimensionality of the pn junction on the I-V characteristics. 
